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This report presents the development of empirical 
equations for the prediction of fracture extension gradient 
in the Reconcavo basin, Brazil.
The following steps were involved :
a) Density logs from 41 Reconcavo basin wells, 
covering both stratigraphie section and geographic 
area, were utilized to obtain a curve of bulk 
density versus depth.
b) This curve was converted into another curve of 
overburden stress gradient versus depth.
c) Fracture treatment pressure charts from 53 
Reconcavo basin wells were utilized to obtain 
fracture gradient information.
d) Based on fracture gradient information, formation 
pressure during fracturing jobs, and the variation 
of the overburden stress versus depth, the 
Poisson's ratio was determined.
e) A curve was obtained showing the variation of 
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The subject of many discussions in the last 20 years 
has been the prediction of gradients that are required to 
induce or to extend fractures in subsurface formations.
Encountered in several types of operations in the oil 
industry are problems associated with the prediction of 
formation fracture pressure gradients.
In drilling operations, when wells are being drilled in 
both new and old fields, loss of circulation is often a
troublesome and expensive problem. Such problems could have 
been avoided if techniques for predicting fracture pressure 
gradient had been employed and if casing strings had been 
set, and mud weight plans had been followed accordingly. In
areas of abnormally pressured formations, the prediction of
fracture gradients during the well-planning stage is ex­
tremely important.
In production operations, a knowledge of this gradient 
is extremely useful. The fracture pressure gradients should 
be considered in operations such as cementing, sand consol­
idation, matrix and fracture acidizing, hydraulic 
fracturing, and fluid injection (inhibitors, surfactants, 
and bactericides).
ER-2677 2
In secondary recovery operations, the fracture gradient 
has another important application. In most injection 
operations, it is desirable to stay below the fracturing 
pressures to prevent channeling from injectors to producers, 
and to increase the sweep efficiency.
In many cases, injection is started in old wells that 
have been producers for years. Here the formation pressures 
are usually depleted and in some circumstances very low. It 
is known that low formation pressures cause low fracture 




Several equations have been presented to predict 
formation fracture gradients. It will be presented the 
following equations :
- Hubbert and Willis
- Matthews and Kelly
- Eaton
Hubbert and Willis:
In 1957, Hubbert and Willis published a classical paper 
that included the development of an equation used to predict 
the fracture extension pressure gradient.
Every point of an underground formation is under the 
action of stresses. Because of natural complexities, it is 
not possible to identify all stresses active at each point.
A mathematical analysis has shown that every set of 
stresses acting at a point can always be replaced by an 
equivalent set of three normal stress components.
The vertical stress is due to the weight of the over­




oz = vertical stress, psi 
S = overburden stress, psi
Under the influence of this vertical stress, the rock 
tends to expand laterally, but this does not happen due to 
the surrounding rock. This tendency introduces a horizontal 
stress, which under homogeneous conditions is expressed by 
the equation
°x = ay “ (t V ) az (2)
or :
ah = ' - î V ’ az (3)
where :
ah = horizontal stress, psi 
Y = Poisson's ratio, dimensionless 
a = vertical stress, psi
According to Hubbert and Willis, in a tectonically 
relaxed area, characterized by normal faults, the greatest 
stress should be vertical and equal to the effective pres­
sure of the overburden, while the least stress should be
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horizontal. The effective pressure of the overburden is
given by
S - Pf (4)
where :
S = overburden stress, psi 
Pf = formation pressure, psi 
Then, equation (1) can be written as
O =  S -  P r: ( ^ )z r
Replacing equation (5) into equation (3):
°h = (s  -  p f ) ' t V *  (6)
Hubbert and Willis showed that the fracture extension 
pressure gradient of subsurface formations is a function of 
overburden stress gradient, formation pressure gradient and 
Poisson's ratio. Their equation is:
Ge = (7)
where :
Ge = fracture extension pressure gradient, psi/ft 
S = overburden stress, psi 
D = depth at the interest point, feet
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Pf = formation pressure, psi 
y = Poisson's ratio, dimensionless
Hubbert and Willis assumed constant values for over­
burden stress gradient (S/D = 1.0 psi/ft) and for Poisson's 
ratio (y = .25). Then, the previous equation is reduced to:
Under these conditions (S/D = 1.0 psi/ft and y = .25), 
the fracture extension pressure gradient is constant as long 
as Pf/D is constant.
Examples :




P f  = 50 kg/cm2 = 711 psi 
Pj=/D = 0.433 psi/ft
Ge = | (1 + G = 0.622 psi/ft
b) D = 3000 m = 9843 ft
Pf = 300 kg/cm^ = 4266 psi
P f/D = 0.433 psi/ft
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Ge = | (1 + 2 9 8 4 3 6^) G = 0-622 psi/ft
These constant values for the fracture extension 
pressure gradients are known to be in significant error in 
some cases. Experience has shown that the fracture 
extension pressure gradient increases with depth.
Matthews and Kelly;
In 1967, Matthews and Kelly published an equation to 
predict fracture initiation pressure gradients that is 
similar to that of Hubbert and Willis.
They introduced the concept of a variable hori- 
zontal-to-vertical stress ratio. This ratio is a function 
of depth (degree of compactation).
The Matthews and Kelly equation is
Gi = (S ■ Ki + (10)
where :
= fracture initiation pressure gradient, psi/ft 
S = overburden stress, psi 
D = depth at the interest point, ft 
Pj= = formation pressure, psi
K^ = matrix versus stress coefficient, dimensionless
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In this method, as in the previous one, the overburden 
stress gradient (S/D) was assumed constant and equal to 1 
psi/ft. Then, equation 10 is reduced to:
pf Pf
Gi = 11 - ir) Ki + ir (11)
The values of Ki can be obtained by substituting actual 
field data of fracture initiation pressure gradient and 
formation pressure gradient into the equation above. Then, 
a Ki versus depth curve can be drawn for use in a specific 
area.
The Matthews and Kelly approach represents a signif­
icant advancement in fracture gradient technology. The 
variable matrix stress coefficient concept is valid when 
compared with field data analysis.
Eaton :
In 1969, Eaton introduced modifications in the Hubbert 
and Willis equation. Eaton assumed that both overburden 
stress and Poisson's ratio were variable with depth (Hubbert 
and Willis assumed that these values were constant with 
depth and equal to 1.0 psi/ft and 0.25, respectively).
Then, now the overburden stress gradient and Poisson's 
ratio are also independent variables in the Hubbert and 
Willis equation.
ER-2677
Eaton's equation is perhaps the most widely used to 
predict fracture gradients. It has proved successful both 
on- and offshore, and throughout the world.
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HOW THE EATON EQUATION WAS DEVELOPED
Eaton's equation which is used to predict fracture 
extension pressure gradients was originally developed for 
the Gulf Coast area. In this region, the formations are in 
a compressed state.
The variation of the overburden stress and the 
Poisson's ratio with the well depth was determined by 
following the sequential steps :
- A group of density logs from many Gulf Coast wells 
was available. The logs were used to plot bulk 
density versus depth according to Figure 1. The
FIGURE 1 BULK DENSITY CURVE 
FROM DENSITY LOG 
DATA FOR THE GULF 
COAST (EATON'S 
GRAPH)
1.9 2 0 2 i 2 2 2 5 2 *
BULK D E N S ITY -6M /C C
U P P E R  L IM IT  
O F A L L D A T A  P O IN T S
LOWER L IM IT  \  
OF ALL DATA POINTS \
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values for bulk density were read at the mid-point of 
each 100 foot interval and averaged step by step 
downward to 20,000 feet of depth.
- The plot of bulk density versus depth was converted 
to a plot of overburden stress gradient versus depth 
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FIGURE 2 OVERBURDEN STRESS GRADIENT FOR 
THE GULF COAST (EATON'S GRAPH)
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- Based on equation 7, the overburden stress gradient 
(Figure 2), known formation pressure, and known 
fracture gradient informations, the Poisson's ratio 





POISSON S RATIO v
FIGURE 3 VARIABLE POISSON'S RATIO WITH 
DEPTH (EATON'S GRAPH)
- Similar graphs can be established for different 
areas, if the overburden stress and Poisson's ratio 
differ greatly.
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FORMATION DENSITY LOG REVIEW
The formation density log measures the bulk density of 
the formation. When the lithology is known, the bulk 
density can be related to porosity.
The term bulk density is applied to the gross density 
of a unit volume of rock. In the case of porous rock, it 
includes the density of the fluid in the pore space as well 
as the grain density of the rock.
The density log tool consists of a gamma ray source and 
two detectors, according to the schematic drawing of 
Figure 4.
Long Spacing' 
y .-y /.-V . Detector .
Short S pacing  
D e te c to r  . .
S ource
FIGURE 4 SCHEMATIC DRAWING OF THE DENSITY 
LOG TOOL (HILCHIE'S SKETCH)
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The source and detectors are mounted on a skid, which 
is forced against the well bore. The detector near the 
source measures the formation and the mud cake that occurs 
between the skid and the well bore. The other detector 
measures mostly the formation.
When the skid is against the well bore and there is no 
mud cake between the skid and the formation, the short 
spacing and long spacing detectors measure the same density 
and no correction is needed. When the contact between the 
skid and the well bore is not perfect (due to mud cake or 
roughness of the well bore), a correction is needed. This 
correction is made automatically by the formation density 
tool.
The depth of investigation of the formation density log 
into the formation is between 2 and 4 inches. The vertical 
resolution is two feet.
The fluid in the pores of the permeable formations, 
within the zone investigated by the tool, is usually mud 
filtrate. This mud filtrate has a density ranging from less 
than 1.0 to more than 1.1 gm/cc. If residual hydrocarbons 
exist in the region investigated by the formation density 
tool, their presence may not be noticeable, since the 
average oil density is close to unity. But, if there is 
residual gas saturation, its effect is appreciable. The
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residual gas saturation tends to decrease the absorption of 
the gamma rays and more of them reach the detectors. So, 
the bulk density measured is high.
The formation density log is presented according to 
Figure 5. The formation density curve is recorded in track 
2 and 3 with a linear density scale in gm/cc. The Ap curve 
(which shows how much density compensation has been applied 
to correct for mud cake and bore hole rugosity) is recorded 
in track 3. The caliper and the gamma ray curves are 




BULK DENSITYG A M M A  RAY
FIGURE 5 FORMATION DENSITY LOG PRESENTATION 
(Schlumberger)
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DEVELOPMENT OF THE EQUATIONS 
FOR RECONCAVO BASIN, BRAZIL
A review of the geology of the Reconcavo basin is 
described and the basin is located.
The Reconcavo basin is a relaxed area, characterized by 
normal faultings. Thus, a fracture extension gradient 
prediction equation which parallels Eaton's equation can be 
developed.
Reconcavo Basin Geology
The Reconcavo sedimentary basin is located in Bahia 
state, in Brazil. It extends to the north of Salvador, the 
capital of Bahia. The coordinates of Salvador city are 
38°30' W and 13°001 S. Figure 6 shows the Reconcavo basin
with its oil and gas fields.
This sedimentary basin has an origin and an evolution 
related to the first stages of the South Atlantic develop­
ment and to the Brazilian continental shore. It is accepted 
that the rupture of the Gondwana paleocontinent gave origin
to South America oriental shore and to Africa occidental
shore. This rupture was preceded by a crustal arching where 
two domic areas were distinguished : one between the now
existing Florianopolis and Rio de Janeiro cities (south),
ER-2677 17
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FIGURE 6 OIL AND GAS FIELD OF RECONCAVO/TUCANO SUL BASINS
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and another one between the actual Paraiba and Pernambuco 
shores (north). The area actually occupied by the Reconcavo 
basin was located between the two domic areas where the 
arching magnitude was considerably lower than the north and 
south domic areas.
At the end of the Jurassic period, the inter-domic area 
began to originate a long depression with a north-south 
direction known as Afric-Brazilian depression.
At the area occupied by the Reconcavo basin, it was 
initiated by the deposition of a complex alluvial system 
(Brotas group) followed by an active tectonism known as 
Wealdeniana reactivation. The result of this tectonism was 
the formation of a long system of rift-valleys with the 
formation of tectonic lakes, one of which is the actual 
Reconcavo sedimentary basin. In such lakes, conglomerates 
and sandstones were deposited, as well as lutites, forming a 
sedimentary unity with a high degree of faciologic vari­
ations and thickness ranging from few hundreds of meters to 
more than 5000 meters.
During this geologic time, the Candeias formation 
(consisting of shales with sandstones inclusions), the Ilhas 
group (with sandstones and shales intercalations), the S. 
Sebastiao formation (consisting of alluvial facies), and the 
Salvador formation (formed by sintectonic conglomerates)
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were deposited. The total filling of the sedimentary basin 
was culminated with the deposition of the Marizal formation, 
consisting of alluvial sediments.
The complex configuration of the Reconcavo basin 
structure was a result of the combination of two normal 
fracturing systems : one with northeast direction and the
other one with northwest direction, as can be visualized in 
Figure 7.
T D D O S
OS
•ALVADOR
FIGURE 7 RECONCAVO SEDIMENTARY BASIN GEOLOGIC MAP
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In summary, the lithoestratigraphy of this sedimentary 




Inf. Cretaceous Marizal formation 
S. Sebastiao formation 
Ilhas group:
a) Pojuca formation Santiago
Miranga
Cambuqui





Itaparica formation Agua Grande
o?
Sup. Jurassic Brotas Group:
a) Sergi formation C ,D ,E ,F ,G,
H ,I , and J 
zones




Note : Salvador formation is intercalated from Gomo member
to Pojuca formation.
FIGURE 8 RECONCAVO BASIN ESTRATIGRAPHY
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DEVELOPMENT OF THE EQUATIONS
The first step of the development of the equations for 
fracture gradient prediction in Reconcavo basil) (Brazil) 
consisted of obtaining the average bulk density information. 
These data were obtained from density logs from 41 Reconcavo 
basin wells, involving 10 different fields, and 12,000 m of 
density logs were analyzed. The results obtained are in 
Table 1.
The following criteria were established during this 
first step:
a) 100 m sections were considered. The bulk density
was read from 10 to 10 meters and averaged for
each 100 m section. Figure 9 shows how these
values were obtained. The average bulk density 






P = average bulk density, gm/cc 
P^ = bulk density values read at the log, gm/cc 
Ax^ = interval between two consecutive bulk density 
values read at the log, m
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TABLE 1
AVERAGE BULK DENSITY FROM 










Agua Grande 7.AG-256-BA 1590-1690 24.56 2.456 1640
8.AG-294-8A 1200-1300 23.81 2.381 1250
7 .AG-299-BA 1500-1600 25.21 2.521 1550
1600-1700 25.14 2.514 1650
7 .AG-301-BA 1500-1600 24.36 2.436 1550
1600-1700 25.38 2.538 1650
1700-1800 25.55 2.555 1750
1800-1900 25.64 2.564 1850
1900-2000 26.07 2.607 1950
8.AG-303-BA 1300-1400 23.94 2.394 1350
1400-1500 24.19 2.419 1450
1500-1600 25.48 2.548 1550
1600-1700 24.85 2.485 1650
Aracas 7.AR-153-BA 800- 900 24.33 2.433 850
900-1000 24.33 2.433 950
1000-1100 24.34 2.434 1050
1100-1200 24.12 2.412 1150
1200-1300 24.69 2.469 1250
1300-1400 24.44 2.444 1350
2900-3000 26.33 2.633 2950
7.AR-154-BA 700- 800 23.13 2.313 750
2900-3000 25.51 2.551 2950
7.AR-156-BA 2900-3000 26.17 2.617 2950
7.AR-158-BA 1900-2000 24.92 2.492 1950
2700-2800 25.19 2.519 2750
2800-2900 25.88 2.588 2850
2850-2950 25.84 2.584 2900
2950-3050 25.97 2.597 3000
Buracica 7.BA-141-BA 670- 770 23.26 2.326 720
7.BA-154-BA 600- 700 23.54 2.354 650
7.BA-159-BA 500- 600 23.47 2.347 550
600- 700 23.38 2.338 650
7.BA-178-BA 520- 620 23.96 2.396 570
620- 720 24.08 2.408 670
Candeias 6.C-175-BA 200- 300 23.63 2.363 250













400- 500 24.23 2.423 450
500- 600 24.24 2.424 550
600- 700 24.24 2.424 650
700- 800 24.25 2.425 750
800- 900 23.91 2.391 850
900-1000 24.44 2.444 950
1000-1100 24.51 2.451 1050
1100-1200 24.46 2.446 1150
1200-1300 24.50 2.450 1250
1300-1400 24.95 2.495 1350
7.C-177-BA 1600-1700 25.60 2.560 1650
1700-1800 25.30 2.530 1750
1800-1900 25.92 2.592 1850
7.C-179-BA 1950-2050 25.48 2.548 2000
2100-2200 26.25 2.625 2150
2200-2300 26.27 2.627 2250
2300-2400 26.25 2.625 2350
7.C-182-BA 1800-1900 26.09 2.609 1850
1900-2000 25.99 2.599 1950
7.C-181-BA 1450-1550 25.10 2.510 1500
1550-1650 25.88 2.588 1600
1650-1750 26.09 2.609 1700
1750-1850 26.19 2.619 1800
1850-1950 26.05 2.605 1900
1950-2050 25.59 2.559 2000
2050-2150 26.07 2.607 2100
2200-2300 25.53 2.553 2250
3.C-182-BA 1700-1800 25.90 2.590 1750
2000-2100 25.40 2.540 2050
2100-2200 25.52 2.552 2150
7.C-185-BA 1400-1500 25.19 2.519 1450
1500-1600 25.44 2.544 1550
7.C-188-BA 1100-1200 24.94 2.494 1150
7.C-189-BA 1200-1300 24.39 2.439 1250
7.C-192-BA 1700-1800 25.88 2.588 1750
1900-2000 26.10 2.610 1950
2100-2200 25.89 2.589 2150
2200-2300 25.70 2.570 2250
2450-2550 26.11 2.611 2500












7.DJ-666-BA 100- 200 23.38 2.338 150
200- 300 22.95 2.295 250
7.DJ-674-BA 100- 200 23.76 2.376 150
200- 300 23.22 2.322 250
7.DJ-675-BA 100- 200 24.52 2.452 150
200- 300 23.67 2.367 250
7.DJ-676-BA 100- 200 24.13 2.413 150
200- 300 24.83 2.483 250
7.DJ-684-BA 220- 320 24.33 2.433 270
7.DJ—696-BA 200- 300 23.51 2.351 250
F. Panelas 7.FP-16-BA 1500-1600 24.82 2.482 1550
1600-1700 25.30 2.530 1650
Itaparica 7.I-48-BA 670- 770 24.26 2.426 720
7.I-52-BA 325- 425 24.63 2.463 375
7.I-54-BA 575- 675 24.93 2.493 625
Mandacaru 1.MDU-2-BA 2020-2120 25.29 2.529 2070
2120-2220 25.39 2.539 2170
2220-2320 25.04 2.504 2270
2320-2420 25.09 2.509 2370
2420-2520 25.10 2.510 2470
2520-2620 25.79 2.579 2570
2900-3000 26.02 2.602 2950
3000-3100 25.50 2.550 3050
Miranga 7.MG-291-BA 1100-1200 24.66 2.466 1150
1200-1300 25.04 2.504 1250
1300-1400 24.81 2.481 1350
7.MG-292-BA 1100-1200 25.02 2.502 1150
1200-1300 24.96 2.496 1250
1300-1400 25.41 2.541 1350
7.MG-293-BA 1100-1200 24.90 2.490 1150
1200-1300 24.45 2.445 1250
7.MG-294-BA 1000-1100 24.46 2.446 1150
1200-1300 24.48 2.448 1250
1300-1400 25.09 2.509 1350
7.MG-296-BA 1000-1100 23.98 2.398 1050
1100-1200 23.92 2.392 1150












1300-1400 24.47 2.447 1350
Vlas sape 7.MP-18-BA 1600-1700 24.70 2.470 1650
1700-1800 25.22 2.522 1750
2000-2100 25.51 2.551 2050
2100-2200 25.25 2.525 215C
2200-2300 25.80 2.580 2250








FORMATION DENSITY LOG FROM 7.AR-153-BA
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b) Sections, in which the correction involved and/or
caves are very large, were not considered.
Figure 10 shows a section with very large caves
and density corrections.
c) The average bulk density was calculated for the 
mid-point of each 100 m interval.
The plot of the average bulk density versus depth is on 
Figure 11.
To obtain the best-fit-line, the computer at the 
Colorado School of Mines (DEC-10 with operating system 
TOPS-10) was used. The best-fit-line was found with the 
polynomial regression and least-square methods, but the 
results were poor.
The following type of equation gave excellent cor­
relation:
y = a [In (bx + c) ] + d (13)
where :
y = bulk density 
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FIGURE 11 AVERAGE BULK DENSITY X DEPTH FOR THE 
RECONCAVO BASIN (BRAZIL)
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According to the average bulk density values obtained 
from the Compensated Formation Density Logs (Table 1), the 
curve of average bulk density versus depth (Figure 11) shows 
that at the surface (x = 0) the average bulk density is 2.30 
gm/cc (y = 2.30). To attend to this particular case, 
equation 13 can be written as:
y = a[ln(bx + 1)] + 2.30 (14)
where :
y = bulk density, gm/cc 
a, and b = constants, dimensionless 
x = depth, m
Then, over the curve in question, two points were 
chosen and the corresponding values of x and y were 
obtained. So, equation 14 was solved for the two points 
considered (two equations with two unknowns) and the values
of a and b were algebraically determined. Thus, equation 14
can be written as:
y = 0.2627695 [In(0.000761 x + 1)] + 2.30 (15)
where :
y = bulk density, gm/cc 
x = depth, m
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Figure 11 can be used to graphically determine the 
average bulk density when the depth is known, for the 
Reconcavo basin, Brazil.
The second step of the development of the equations for 
fracture gradient prediction in Reconcavo basin (Brazil), 
consisted of converting the curve of bulk density x depth 
(Figure 11) into another curve of overburden stress gradient 
x depth. This was obtained with the determination of the 
mean bulk density at a certain depth from the surface to 
that depth. This was determined with the mean value 
theorem. According to this theorem
where :
y = mean bulk density at a certain depth from the ** mean  ̂ r
surface to that depth, gm/cc
y = 0.2627695 I n (0.000761x+l) + 2.30 (that is the
equation 15)
Appendix A shows the development of this equation that
conducts to
(16)





y = mean bulk density at a certain depth from the■'mean
surface to that depth, gm/cc 
a = 0.2627695 (a constant) 
b = 0.000761 (a constant) 
h = depth, meter 
From equation 17, depth increments of 200 m were given 
from 0 to 3200 m and the corresponding values of the over­
burden stress were determined. Table 2 shows these results 
and Figure 12 is the plot of the overburden stress gradient 
for the Reconcavo basin (Brazil). This figure can be used 
to graphically determine the overburden stress gradient when 
depth is known. The corresponding equation for the over­
burden stress gradient versus depth curve is
y = 0.0908723 [In (0.0004747 x + 1)] + 0.9955 (18)
where :
y = overburden stress gradient, psi/ft 
x = depth, m
The third step of the development of the equations 
consisted of the determination of the fracture extension 
gradient from 53 frac-job pressure charts from Reconcavo 
basin wells. From the frac-job pressure charts the shut-in 
pressure information was obtained at the end of the
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TABLE 2
DETERMINATION OF THE OVERBURDEN STRESS 
X DEPTH FROM FIGURE 11
Depth Mean Bulk Density 
(gm/cc)
Overburden Stress
(m) (ft) psi/ft psi
0 0 2.300 .995 0
200 656 2.319 1.004 659
400 1312 2.336 1.011 1326
600 1969 2.352 1.018 2004
800 2625 2.367 1.025 2691
1000 3281 2.381 1.031 3383
1200 3937 2.394 1.036 4079
1400 4593 2.407 1.042 4786
1600 5249 2.418 1.047 5496
1800 5906 2.429 1.051 6207
2000 6562 2.440 1.056 6929
2200 7218 2.450 1.060 7651
2400 7874 2.460 1.065 8386
2600 8530 2.469 1.069 9119
2800 9186 2.478 1.072 9847
3000 9843 2.486 1.076 10591
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FIGURE 12 OVERBURDEN STRESS GRADIENT FOR THE 
RECONCAVO BASIN (BRAZIL)
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injectivity test (that precedes the fracturing job) or at 
the end of the fracturing job. When the shut-in pressure at 
the end of the injectivity test is available, this pressure 
was used to determine the fracture extension gradient, 
because it is more representative than the shut-in pressure 
at the end of the fracturing-job. Not only the Martin- 
Decker charts, but also the fracometer charts were utilized 
to obtain this information. Figure 13 shows a Martin-Decker 
chart during the fracturing job of the 7.MG-291-BA and how 
the shut-in pressure was obtained.
Once the shut-in pressure was determined, the fracture 
extension pressure gradient was calculated by the equation
P.  + p
Ge = — — ' (19)
where :
Ge = fracture extension pressure gradient, psi/ft
P^ = shut-in pressure, psi
Ph = hydrostatic pressure of displacing fluid, psi 
D = top of the perforators, feet
The results obtained are in Table 3.
The fourth step of the development of the equations 
consisted of:
a) acquisition of the formation pressure at the time 
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440 m o m m o o o O O O o O O o un O un 00 o o o o en
eux—X o r- 00 o vo en r- r- 03 o rH 00 C'­ 00 r- 00 Tf 03 CM 03 un o0 £ (Tio 00 o Tf 03 i—i o 03 i-4 en 03 o en r-4 00 en vo r- 03 vo unEh LD VD un m vo VO vo 03 r- 03 VO VO vo un vo vo 03 03 r- 03 CM enr4 H i-4 «—ii-4 r4 r-4 CM CM CM CM i-4r-4CM CM
1 H  H HH H H  H H HH H H H H H H  H H H eu
eu eu -P 0 eu (UfCJ fd tti fd fd fd <d > fd > fd C c c •H E c ti(U XI X! X! 40 uQ Xî X3 Xi Xi H fd 0 0 C 0 o 0C (U eu eu eu eu eu eu -H eu •H eu H H >4 N N 5 O N N0 eu eu eu eu eu eu tri eu tj3 eu U 1 1 U u  oN •H •H •H •H •H •H •i4 k -H $4-H W W -P -P x: •x: x:0 0 0 0 0 0 o 0) 0 eu 0 Cn en en -P XI -p -pPQ to to to to to m to to to to <2 r-4t-4 un S  ̂  ̂
C < < < < <2 < <  <2 < < < <  < < < <m to to to to to m to to to to to to to toto to < < < < < <i i i i i i i i i i i i i 1 i 1 i to to to to m tor4 ro uo 03 i-4 en en in vo 00 H 03 00 o i i i i « i
r— j o in 03 03 03 O o un un m un Tf un un un 03 un un r- 03 03 03
OJ CM CM CM CM CM en en r—1r4 r-4 i-4 i-4r-4 i-4 r-4■—ir-4 r~ r- C-- C- r-
5 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 r-4 i—ir-4i-4 i-H t-4O Ü o O U O O to to to to < <  < < < < 1 l 1 1 i 1
< C < < c < < <  < < < m m to m « m U U U U u U






t-4 p ü fd
(U o en •H •H
•H fd ü euto fd ü fd 13
3 fd M C
Cn u 3 fd













-M  r0  4-1 m O r-4 r~ rH CM envoCO rH  CO iH r- T VO M enTT en TT CM o coU (d \ r- 00 LO vo r~ enr- eneneno 00o vo LO lO H1 td* en o r-fd u •H
u O W o O O o O o <3 o o C3 o I0 0 1 o C3 e3 O o O o rH o
Ckw -
-Ps.M œ 00 m o 00vo VO LO voo ent"- r- C3 LO r- CM 00 rH co vo VO co■H 0 ro CO voCO en CM CM vovor» LO voLO enM CM o o o CM o o 00vo
m k CN o\voCO co LD Tf TfTT CO <3 o enenenen r» LO en
O . CM CM i-4 i-4 rH co CM rH TT rH rH>iffi
(U
u3 ■H O  O O O O o <3 O o <3  <3 o O O O C3 <3 C3 o o o O O <3(0 1 O O LO o o o m LO o o o o LO LO O C3 O o o O O Oto -P "Sf r- CM ■̂r CM m co lO LO LO voTf LO O C0 co rH rH O CO
(U 3 CM CM H rH CM rH LO CM rH
u -3P-I
+J LD CO P" VO m CO voLO CO LO r~ O Tf r- vo en CO VO
to 0) CO m r4 voLO 00 enLO lO voco VO co CM co 00 00 H 1 LO 00 H* LO enTf4-1 0) CO vo r» en en voo o o o o o rH 00 LO CM O <3 o (3 vo LO H1
U 44 VO vo co co r~ rH rH «H rH rH rH rH CM CM CM CM CM C3 co
(U i—i
44
0 O o LO co o o o O o LO CO O CM O o o O O C3 O LO o C3 <3
04 S i-4 00 VO r- vo rH CM TT LO LO CO LO 00 LO CO VO co en LO LO
0 E CO CM CO 'sro CO enCM CM CM rH CM rH LO en enCM CM CO CM T f enLO
E-i o>O i-4 CM TT CM CO CO CO CO CO CO co CM co voVO VO vovo CM o CO
H CM rH rH rH CM H CO i—i rH
(U CD CD CD CD CD
T5 CD CD 73 • 73 73 73 73
0 3 3 3 0 3 H 44 3 3 3 3
CD E cd 0 0 E fd H 3 fd fd fd fd H
C 0 $4 N N 0 54 H •H •H 54 54 54 54 •H H 1
0 Ü U O O O 1 h) h> h> •■d U  H tn U  U O O O tp 1 3N nd -P M *3 u 54 s •Pa tn 54 toa tn CD Cn fcn en en CD fds < co rH s < W < < < < w U
< < < < < < < < C < <
< C < < < < m to to to to m m m to < < m tom to m to m m i i i i i i i i i m < < < < < to i irH i i i i i i r—1en vo r-'TTLO vo vo i to to m to to i rH CMrH (3 CM LO 00 en CM 00 en vo vo r- 00 en vo i i i i i CM en en
CD 00 00 00 00 00 en LO LO vo vo vo vo vo vo vo rH 00 CM co LO 1 CM CM£ rH rH rH rH rH rH 1 l 1 l l l l 1 l 1 LO LO LO LO D l l1 1 1 1 1 1 *3 h> h) •3 h) h) h) *3 •3 to l 1 1 l 1 Q Ü O
U U U U U U Q Q Q Q Q Q Q Q Q to H H H H H S S S




3 u 540 fd -H fd fd
fd to 54 u tn0 fd fd 3
*3 • Û4 73 fdN fd 3 54• fd -p fd •H























r—1 r—I 'tf LO LO




-pco O  LO CO r» o 00•H 0 r-4 O  LO CM Tf oW u CO CO CO oo TfCL, i—1 i—4 r—1 ro ro i—4
> 1
U Gp •H O  O  O O  O O
w 1 o  o  o O  LO O(0 4J ro o  co lo r-' 00Q) P CM i—l i—4U JÜCL, LQ
N
• 4-> O' LO LO CM 00 CTLCO (D CM H  ro CO 00
14-1 Q) ro ro rr Tf LO i— ih 4-4 Tf ̂ 00 00 ro(Uft
4-40 O  LO o o  o o
ft CO LO CM ro H CM0 H 1—1 1—4 LO r- lo P"E-t 1 1 ro ro ro LO LO CT\i—1 1—4 i—l CM CM
•HH  x P p PQ) >  H  H U ü P1G H  H  | nj rti P0 1 1 p P P JQN U U 44 U 5-4 E(0 fti fO cd
U U U U
^ <
C Q  m  D Q <  < C Q1 1 1 C Q  C Q 1r - 4 ro Tf LO 1 1 T f
i— 4 co co co 00 00 r - 4
1 CM CM CM r - 4  r— 4 i— 4I I I
Ü  Ü  O
1 1ft ft 1O
. s  s  s S  s E h
• • •
M  M r » f " -
' O
i— 4 ( D 0)
Q ) ft ft-H cd •Hft m Pco cr(d cdS Et
ER-2677 40
b) determination of Poisson's ratio.
The formation pressure during fracturing jobs is shown 
in Table 4. In this table, 39 wells were considered from 
the 53 shown in Table 3. The difference in 14 wells from 
Table 3 to Table 4 is due to the unknown actual formation 
pressure during fracturing jobs.
The determination of Poisson's ratio was calculated 
from the equation (7), considering the additional effect of 
the tensile strength of the rock. Then the equation (7) can 
be written as
Ge = (§ - (-ïV> + ET + F  (20)
where :
Ge = fracture extension pressure gradient, psi/ft 
S = overburden stress, psi 
D = depth at the interest point, ft 
Pf = formation pressure, psi 
y = Poisson's ratio, dimensionless 
St = tensile strength of the rock, psi
Solving the equation (20) for Poisson's ratio:
G . D - Pf - St
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In Appendix B, two wells were considered (a shallow 
depleted well and a deep overpressured well) and the effect 
of the tensile strength of the rock was analyzed. From this 
analysis, it is seen that
a) the Poisson1s ratio decreases as the tensile 
strength of the rock increases.
b) the effect of the tensile strength of the rock may 
be neglected for the fracture extension pressure 
gradient.
For this reason, the tensile strength of the rock was 
considered equal to zero and equation 21 becomes
V D - pf
v  _ (22) Y " TÇ TU - + S
From this equation the Poisson1s ratio was determined 
and the results are on Table 5. Based on these results, the 
plot of the Poisson*s ratio versus depth is on Figure 14.
To obtain the best-fit-line, the computer at the 
Colorado School of Mines was used, and the polynomial 
regression method did not give good results. Then, the 
curve was drawn visually and adjusted to the relationship 
between the bulk density and Poisson * s ratio. D*Andrea et 
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FIGURE 14 VARIATION OF POISSON'S RATIO X DEPTH
(St=0) FOR THE RECONCAVO BASIN (BRAZIL)
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density seems to decrease with the increase in Poisson’s 
ratio. Gutenberg also studied the relationship between 
Poisson*s ratio and density. Based on this study, J. Kumar 
found the following linear relation between density and 
Poisson's ratio
p = 2.25 + 1.56 y (23)
where :
P = bulk density 
Ï = Poisson's ratio
An integration of equation (13) with equation (23) 
leads to the following equation:
y = a[ln(bx + c) ] + d (24)
where :
y = Poisson's ratio, dimensionless 
a,b,c,and d = constants, dimensionless 
x = depth, m
According to the Poisson's ratio values (Table 5) the
curve of Poisson's ratio versus depth (Figure 14) shows that
at the surface (x = 0) the Poisson's ratio is 0.22 (y = 
0.22). To attend to this particular case, equation (24) can 
be written as:
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y = a[In(bx + 1)] + 0.22 (25)
where :
Y = Poisson's ratio dimensionless 
a, and b = constants, dimensionless
x = depth, m
Then, over the curve in question, two points were 
chosen and the corresponding values of y and x were 
determined. So, equation (25) was solved for the two points 
considered (two equations with two unknowns) and the values
of a and b were algebraically determined. Thus, equation
(25) can be written as:
Y = 0.1395995[In(0.0007737x + 1)] + 0.22 (26)
where :
Y = Poisson's ratio, dimensionless 
x = depth, m
The curve of Figure 14 was obtained based on this 
equation. This figure can be used to determine graphically
ER-2677
the Poisson's ratio when the depth is known, for the 
Reconcavo basin (Brazil), considering the tensile strength 
of the rock equal to zero.
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CONCLUSIONS
The application of the equations for the prediction the 
fracture extension gradients in Reconcavo basin, Brazil, 
permitted the following conclusions:
(1) The average bulk density is about 2.30 gm/cc near the 
surface and increases to 2.62 gm/cc at about 3200 m of 
depth.
(2) The average overburden stress gradient is about 0.995 
psi/ft near the surface and increases smoothly to 1.080 
psi/ft at about 3200 m of depth.
(3) The effect of the tensile strength of the rock may be 
neglected for determining the fracture extension 
pressure gradient.
(4) The Poisson's ratio is about 0.22 near the surface and 
increases to 0.40 at about 3600 m of depth.
(5) The results obtained in the Reconcavo basin (Brazil) 
are very different from that of the Gulf Coast (see 
Figures 1, 2, 3, 11, 12, and 14).
Based on this last conclusion, it is recommended that 
these equations be used in the Reconcavo basin.
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APPENDIX A
DERIVATION OF THE MEAN BULK DENSITY VERSUS DEPTH EQUATION
The mean bulk density at a certain depth from the 
surface to that depth was determined with the mean value 




y = mean bulk density at a certain depth from the mean
surface to that depth, gm/cc 
y = 0.2627695 [In(0.000761x+l)] + 2.30 or
y = a [ In(bx+1)] + 2.30 (see equation 14)
Then :
y.
[a In (bx + 1) + 2.3] dx
mean dx
Developing this equation :
a In (bx + 1 )  dx + ^  2.3 dx 
■'mean ~ h
&









^  In (bx + 1 )  dx
bx + 1 = u .. (bx + 1)' = du
bdx = du
dx =
/h In (bx + 1 )  dx = / —^ u duO D
= è- / In u du b
= g [u In u - 
+ 1) dx = i [(bx + 1) In (bx + 1)
+ 1) dx = g [(bh + 1) In (bh + 1)
- i [1 In 1 - (-1)]
= i [(bh + 1) In (bh + 1)
= i [(bh + 1) In (bh + 1)
h
- (bx + 1)] |
o
- (bh + 1)] -
- bh - 1] - g
- bh — 1 + 1 ]
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= i [ (bh + 1) In (bh + 1) -  bh] 
= ( - hb+ - )  In (bh + 1 ) -  h 
Replacing this equation into the equation Q
ln  (bh + 1) _ h] + 2 .3  h
^mean ” h
where :
a = 0.2627695 
b = 0.000761 
h = depth, meter
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APPENDIX B
VARIATION OF POISSON'S RATIO AND FRACTURE GRADIENT 
WITH TENSILE STRENGTH OF THE ROCK
1st Case:
Well 7.DJ-581-BA: D = 965 ft
G = 0.49 psi/ft 
Pf = 142 psi










Well 7.AR-158-BA: D = 9613 ft
G = 0.75 psi/ft
Pf = 4536 psi
S = 10334 psi
St
(psi) Y
G
(psi/ft)
0 0.316 0.751
50 0.312 0.751
100 0.307 0.749
500 0.273 0.750
1000 0.224 0.750
